The human genome encodes seven intramembranecleaving GXGD aspartic proteases. These are the two presenilins that activate signaling molecules and are implicated in Alzheimer's disease, signal peptide peptidase (SPP), required for immune surveillance, and four SPP-like candidate proteases (SPPLs), of unknown function. Here we describe a comparative analysis of the topologies of SPP and its human homologues, SPPL2a, -2b, -2c, and -3. We demonstrate that their N-terminal extensions are located in the extracellular space and, except for SPPL3, are modified with N-glycans. Whereas SPPL2a, -2b, and -2c contain a signal sequence, SPP and SPPL3 contain a type I signal anchor sequence for initiation of protein translocation and membrane insertion. The hydrophilic loops joining the transmembrane regions, which contain the catalytic residues, are facing the exoplasm. The C termini of all these proteins are exposed toward the cytosol. Taken together, our study demonstrates that SPP and its homologues are all of the same principal structure with a catalytic domain embedded in the membrane in opposite orientation to that of presenilins. Other than presenilins, SPPL2a, -2b, -2c, and -3 are therefore predicted to cleave type II-oriented substrate peptides like the prototypic protease SPP.
Intramembrane-cleaving proteases cut proteins in transmembrane regions. They liberate fragments from dormant, membrane-bound precursor proteins, which typically exert downstream functions such as cell signaling and regulation (1, 2) , immune surveillance (3), and intercellular communication (4, 5) . They are also thought to contribute to the development and propagation of pathological conditions such as Alzheimer's disease (6) and hepatitis C virus infection (7) . Three families of proteases that promote intramembrane cleavage are known at present. These are a group of metalloproteases represented by the human site-2 protease (S2P) 1 (8) , a group of serine proteases represented by Drosophila melanogaster rhomboid-1 (9) , and a group of aspartic proteases with the human presenilins (PSs; PS1 and PS2) (10) and signal peptide peptidase (SPP) (11) as prototypic members. PSs and SPP belong to the family of GXGD aspartic proteases (12, 13) . Although the sequence homology is limited, sequences of PSs and SPP can be aligned almost throughout the entire length (14) . They are membrane proteins with multiple predicted transmembrane regions, two of which contain the active site motifs YD and GXGD, a unique trait specific for this protease family. These structural similarities make a case for a common catalytic mechanism. Indeed, a number of protease inhibitors, including aspartic protease transition state analogues, targeted PSs and SPP and inhibited both activities (15) . Despite common features, there are major differences between PSs and SPP. PSs undergo endoproteolysis for activation and appear to act as proteolytic subunits of a multiprotein complex called ␥-secretase (16 -18) . For SPP activity, in contrast, there is no indication for a requirement neither for endoproteolytic activation nor for additional components (11) . One of the most striking differences, however, is the apparent opposite orientation of the catalytic domains within the plane of the membrane (11) . Transmembrane regions containing the catalytic aspartates have opposite orientation in PSs when compared with corresponding transmembrane regions in SPP. Because PSs are known to catalyze intramembrane cleavage of several type I anchored membrane proteins (e.g. ␤-amyloid precursor protein and Notch-1) (19) , whereas SPP cuts type II-oriented transmembrane peptides (e.g. signal sequences, hepatitis C virus core protein precursor), the orientation of the respective catalytic site seems predictive for the orientation of the relevant substrates.
Besides the two PSs and SPP, the human genome contains four additional candidate GXGD proteases, which have been recognized by data base searching (11, 14, 20) . These proteins, referred to as PSH (for PS homologues) (14) , IMPAS (for intramembrane proteases) (20) , or SPPLs (for SPP-like proteases) (11) , have no identified function. Like the PSs and SPP, they are proteins with multiple predicted transmembrane regions. SPP and SPPLs share high homology particularly in the C-terminal half of the molecules, which contain the catalytic motifs and the conserved sequence QPALLY (11, 14) . Because of this structural homology, it is likely that these proteins have the same enzymatic activity, namely that of an intramembrane-cleaving aspartic protease. The divergence observed in the N-terminal portions may be a determinant of their individual function.
In the present study we have investigated the topologies of SPP and the homologous human SPPLs. After cloning the respective cDNAs, we expressed the proteins in a cell-free in vitro system and in living cells, and we determined the topological function of the most N-terminal hydrophobic region and the localization of the N-and C-terminal portions. Furthermore, we determined the localization of the hydrophilic loops that connect the two transmembrane regions containing the catalytic aspartate residues. The topology of the latter is crucial for the future search for substrates of the SPPLs, because experimental data on PSs and SPP suggest that the topology of the catalytic domain correlates with the membrane orientation of the respective substrates.
EXPERIMENTAL PROCEDURES
Cloning SPPLs and Plasmid Constructs-Total RNA was isolated from SH-SY5Y and HEK293 cells using GlassMax kit (Invitrogen) and reverse-transcribed with Superscript II (Invitrogen). On the bases of available sequence information (for accession numbers see Fig. 1A ), SPPL2a and SPPL3 cDNAs were amplified using primer pairs, 5Ј-TT-AACTAGCTAGCCAGTCCGATGGGGCCGC-3Ј (forward) and 5Ј-GCA-GCTCCCGATTCCTGGAAGTATAATCTAGAGC-3Ј (reverse), and 5Ј-G-GCTCGAGATGGCGGAGCAGACCTACTCGTG-3Ј (forward) and 5Ј-G-CAGCTCCCGATTCCTGGAAGTATAATCTAGAGC-3Ј (reverse), respectively. SPPL2b cDNA was amplified from a human dorsal root ganglion cDNA library (Invitrogen) and SPPL2c cDNA from a brain cDNA library (K. Kaupmann, Novartis) using the primer sets, 5Ј-GAATTCA-TGGCGGCAGCGGTGGCGGC-3Ј (forward) and 5Ј-CAGCCTGGCGCC-TCGGCCTAATCTAGAC-3Ј (reverse), and 5Ј-GGCTCGAGATGGCGT-GCCTGGGCTTCCTCC-3Ј (forward) and 5Ј-GCAGCTCCCGATTCCTG-GAAGTATAATCTAGAGC-3Ј (reverse), respectively. The amplified products were cloned into pCR4-TOPO (Invitrogen) and subcloned into the mammalian expression vector pSV-Sport1 (Invitrogen). Mutations and HA tags were introduced by overlap extension PCR. All constructs were verified by sequencing.
Microarray Analysis-Human tissues, total RNA samples, and mRNA samples were obtained from Clinomics Biosciences, Inc., Clontech, AllCells, LLC, Clonetics/BioWhittaker, AMS Biotechnology, and the University of California, San Diego. The quality of all samples was determined with an Agilent Bioanalyzer. Microarray analysis was performed as described (21) . In brief, 5 g of total RNA was used to synthesize cDNA that was then used as a template to generate biotinylated cRNA. cRNA was fragmented and added to Affymetrix HG-U133A chips and the custom human chip GNF1b from the Genomics Institute of the Novartis Research Foundation, according to the standard protocol outlined in the Gene Chip Expression Analysis Technical Manual of Affymetrix. After sample hybridization, microarrays were washed and scanned with an Agilent laser scanner. Affymetrix Microarray Suite version 5.0 (MAS5) was used to generate .CHP files. Expression values provided are the average from duplicate measures generated by taking two male and two female samples.
In Vitro Transcription, Translation, and Translocation-To prepare mRNA coding for "xϩ100" constructs, the respective coding region was amplified with PCR using pSV-Sport1 plasmids as templates, DyNAzyme Polymerase (Finnzymes), SP6 primer, and a reverse primer, starting with 5Ј-N 6 CTAN 20 -3Ј to introduce a TAG stop codon at the desired position (22) . To prepare template for SPPL3 Ng xϩ100, a forward primer containing the SP6 promotor and Kozak sequence 5Ј-CGTATTTAGGTGACACTATAGAATACCATG . . . followed by 9 bases coding for a consensus site for N-glycosylation (Asn-X-Ser) and 20 bases overlapping the template was used. PCR products were transcribed in vitro with SP6 RNA polymerase at 42°C in the presence of 500 M m7G(5Ј)ppp(5Ј)G RNA CAP structure analogue (New England Biolabs). mRNAs were translated in 25 l of rabbit reticulocyte lysate (Promega) containing [ 35 S]methionine and [ 35 S]cysteine (Promix; Amersham Biosciences) and, where indicated, 2 eq of nuclease-treated rough microsomes prepared from dog pancreas and 30 M N-benzoyl-Asn-Leu-Thrmethylamide to prevent N-glycosylation (23) . Samples were incubated for 30 min at 30°C. Microsomes were extracted with 500 mM KOAc and subjected to SDS-PAGE (22) .
Expression in Tissue Culture Cells and Deglycosylation-HeLa cells were plated at 50% confluence in 6-well plates in minimum Eagle's medium containing 10% fetal calf serum and transfected the following day using FuGENE (Roche Applied Science). In brief, 1 g of plasmid and 3 l of the reagent were used for each transfection, and cells were incubated for 9 h with medium containing DNA complexes. Thereafter, the cells were washed twice with PBS and lysed in PBS containing 0.5% SDS, 50 mM dithiothreitol, and Complete protease inhibitor mixture (Roche Applied Science). For deglycosylation, lysates were treated with N-glycosidase F (PNGase F, New England Biolabs) at 37°C for 3 h according to the manufacturer's protocol but without denaturing. Selective Permeabilization and Indirect Immunofluorescence-HeLa cells were plated on 12-mm coverslips in 6-well plates the day before transfection. 9 h after transfection, cells were washed twice with PBS, treated for 20 min with 2% paraformaldehyde at room temperature, and washed with PBS. Cells were next selectively permeabilized by incubating for 15 min at 4°C in 5 g/ml digitonin, 0.3 M sucrose, 0.1 M KCl, 2.5 mM MgCl 2 , 1 mM EDTA, and 10 mM HEPES-KOH, pH 6.8. Thereafter, cells were washed three times with PBS and thereafter incubated with blocking solution (4% fetal calf serum in PBS) at room temperature for 30 min. Control cells were treated the same way, but 0.2% saponin was added to the blocking solution. For immunofluorescence, coverslips were washed three times with PBS and incubated with primary mouse monoclonal antibody against the HA epitope (YPYDVPDYA; Covance) and rabbit polyclonal antibody against ERP57 or the cytosolic tail of calnexin (A. Helenius, ETHZ) in blocking solution for 1 h at room temperature. After washing three times with PBS, the cells were incubated for 1 h at room temperature with secondary antibodies (goat anti-rabbit IgG Alexa Fluor488 and goat anti-mouse IgG Alexa Fluor594, Molecular Probes) in blocking solution. After washing three times with PBS, coverslips were rinsed with water and mounted with IMMU-MOUNT (Thermo-Shandon). Samples were visualized using a Zeiss Axiovert 100M fluorescence microscope. S-Labeled proteins were visualized by a PhosphorImager (STORM 860, Amersham Biosciences). For Western blot analysis, proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes, which were blocked with 5% milk powder in 20 mM Tris-Cl, pH 7.6, 140 mM NaCl, 0.1% Tween 20. Membranes were probed with monoclonal anti-HA antibody (Covance), and bound antibody was detected by enhanced chemiluminescence (Amersham Biosciences).
SDS-PAGE and Western Blotting-Proteins were analyzed by SDS-PAGE using

RESULTS
Defining Subfamilies and Sequence Analysis of SPP and
SPPLs-SPP, the presenilins PS1 and PS2, and the bacterial type IV prepilin peptidases (TFPPs) are members of the GXGD family of aspartic proteases (12, 13) . Searching the data bank revealed a number of additional candidate GXGD proteases present in the genome of organisms of all kingdoms; many are hypothetical proteins with unassigned function. Phylogenetic tree analysis clusters these sequences into different subfamilies (Fig. 1A ). SPP and its human homologues appear to be members of three different subfamilies, one containing SPP, one containing SPPL3, and a third family containing three closely related members, SPPL2a, -2b, and -2c. These proteins seem only distantly related to the PSs and TFPPs, suggesting that SPP and its homologues may have structural features and substrate specificities that distinguish them from the PSs.
In order to experimentally analyze the relationships of SPP and SPPLs, we cloned the SPPL cDNAs from human cell lines and confirmed the sequences already deposited in the data base (see accession numbers Fig. 1A ). By using microarray analysis, we then determined the appearance of SPP and SPPL mRNAs in different human tissues. The resulting profiles indicated the presence of mRNAs coding for SPP, SPPL2a, -2c, and SPPL3 in all major human adult tissues implying a wide distribution of the respective proteins (Fig. 1B) . For SPPL2b mRNA, the resulting profile was more restrictive suggesting that SPPL2b is more selectively expressed.
We next investigated the sequences of the human proteins SPP, SPPL2a, -2b, and -2c, and SPPL3 by the sequence analysis programs SignalP version 2.0 (www.cbs.dtu.dk/services/ SignalP-2.0/), TMHMM version 2.0 (www.cbs.dtu.dk/services/ TMHMM-2.0/), HMMTOP version 2.0 (www.enzim.hu/ hmmtop/index.html), PSORT II (psort.nibb.ac.jp/form2.html), and TMpred (www.ch.embnet.org/software/TMPRED_form. html) ( Table I ). The resulting consensus of membrane protein topology (24) of SPP and SPPLs predicted a common arrangement of hydrophobic stretches, nine predicted transmembrane regions two of which contain the conserved catalytic motifs, YD and GXGD (Table I and Fig. 2A) . Furthermore, the sequences of SPPL2a, -2b, -2c, and 3 contain close to their N terminus an additional hydrophobic region for which prediction programs propose the function of an endoplasmic reticulum (ER) targeting signal (25) . In all three proteins, an extended hydrophilic region containing consensus sites for N-glycosylation follows the putative signal sequence ( Fig. 2A) . In contrast, neither an N-terminal signal sequence nor an extended hydrophilic stretch in the N-terminal part of the protein is predicted for SPP and SPPL3 (Table I and Fig. 2A experimentally address the topology of SPP and SPPLs, we first tested expression of cloned proteins in tissue culture cells. We transiently transfected HeLa cells with expression vectors encoding HA-tagged proteins under the control of the SV40 promoter. From the SPPL2a, -2b, and -2c, we expressed proteins containing a C-terminal HA tag, and from the SPP we expressed a construct containing an HA tag directly ahead of the C-terminal KKXX ER retrieval signal (26) . Expression of proteins was analyzed by Western blotting. Because all investigated proteins contain multiple consensus sites for N-glycosylation ( Fig. 2A) , we also included treatment with N-glycosidase F (PNGase F). Sensitivity toward PNGase F is indicative of the acquisition of N-glycans and hence exposure of the respective region toward the exoplasm.
Expression of SPP resulted in two products, one of ϳ45 kDa corresponding to monomeric SPP (Fig. 2B, left panel, asterisk) and one of ϳ90 kDa. The latter product most likely represents the dimeric form of SPP which, according to a recent report by Nyborg et al. (27) , shows up on SDS-PAGE upon mild solubilization in sample buffer. Both products were sensitive to treatment with PNGase F, which reduced the apparent size of the products to ϳ38 and ϳ80 kDa, respectively. This shift is consistent with the removal of two N-glycan moieties from the N-terminal domain. Similar results were obtained for SPPL2a, -2b, and -2c. For these three proteins we obtained products of about 75 kDa (Fig. 2B, right panel, asterisks) , which were all sensitive to treatment with PNGase F (for the analysis of SPPL2c samples, see also the optimized gel system shown in Fig. 4B ). The observed reductions in size are in agreement with the removal of the expected number of oligosaccharides from the N-terminal domain, up to 8 for SPPL2a, 3 for SPPL2b, and 1 or 2 for SPPL2c (the most N-terminal one is very close to the N terminus where glycosylation is typically inefficient; see e.g. Fig. 3B, SPPL3 Ng , xϩ100). Expression of SPPL3 did not yield a glycoprotein as revealed by the lack of sensitivity toward PNGase F (Fig. 2B, left panel) . The product showed unexpected high electrophoretic mobility (ϳ30 kDa) but nevertheless corresponded to the full-length protein as demonstrated by comparison with in vitro translated SPPL3 (Fig. 2B, left panel, IVT) . Also for SPPL3 a potentially dimeric form migrating at ϳ60 kDa was observed, particularly when cells were lysed under mild conditions (Triton X-100; no heating; Fig. 2B, left panel, TX100) . Taken together, these results indicate that the N-terminal hydrophilic domains of SPP and SPPLs are exposed toward the exoplasm and, with the exception of the one of SPPL3, modified with N-glycans.
Topological Function of Most N-terminal Hydrophobic Regions-We next analyzed the localization of the mature N termini and the topology of the first hydrophobic regions in more detail by using a cell-free in vitro translation/translocation system. The most N-terminal hydrophobic region of a multispanning membrane protein usually mediates targeting to the ER membrane and induces integration into the lipid bilayer. Such a "first" hydrophobic region may function as sole signal sequence that is cleaved off from the pre-protein once integration of the polypeptide chain into the membrane has been initiated (25) . The N terminus of the mature protein then becomes located outside the cell in the exoplasm. Alternatively, the first hydrophobic region may function as a signal anchor sequence that also promotes targeting and membrane insertion, but is not removed, and eventually functions as a membrane anchor. Signal anchor sequences can integrate into the lipid bilayer either in a type I orientation, i.e. the N-terminal portion is translocated through the bilayer and becomes exposed toward the exoplasm, whereas the C-terminal portion remains in the cytoplasm or in a type II orientation, i.e. the N terminus remains in the cytosol whereas the C-terminal portion becomes translocated (25) .
For SPP, we have previously reported that its first hydrophobic region functions as a type I signal anchor sequence (11 Translocation of the N-terminal hydrophilic extension of the SPP is indicated by the acquisition of N-glycans at the two consensus sites for N-glycosylation present in this region (Fig.   3, A and B, asterisks versus arrow) . To test whether the first N-terminal regions of the SPPLs are similarly integrated into membranes as the one of SPP, we made use of the classic cell-free in vitro translation/translocation system comprising reticulocyte lysate for protein synthesis and ER-derived rough microsomes for membrane insertion (28) . In the presence of [ 35 S]methionine, we translated mRNA of each SPPL coding for the N-terminal hydrophilic extension, the first hydrophobic region, plus the downstream 100 residues (Fig. 3A, xϩ100  constructs) . Sequence analysis programs predict the function of a signal sequence for the first hydrophobic region of SPPL2a, -2b, and -2c, and consensus sites for N-glycosylation within the downstream 100 residues. Indeed, when the respective "xϩ100" constructs were translated in the in vitro assay, products of higher molecular weight appeared in the presence of microsomes when compared with samples where microsomes were not added (Fig. 3B, asterisks versus arrows) . These higher molecular weight products were not produced when the acceptor tripeptide glycosylation inhibitor N-benzoyl-Asn-Leu-Thrmethylamide (29) was added to the reactions. The major products in these latter samples, however, were smaller than the ones produced in samples without microsomes, indicating the removal of a signal sequence (Fig. 3B, circles) . These data confirm the prediction, namely that SPPL2a, -2b, and -2c contain an N-terminal signal sequence, and demonstrate that Nterminal domains of mature SPPL2s are glycosylated, and therefore facing the exoplasm.
Analysis of the sequence of SPPL3 predicts the function of a signal anchor sequence for the first hydrophobic region, like for SPP, and consensus sites for N-glycosylation within the downstream 100 residues but none in the N-terminal hydrophilic extension (Fig. 3A) . When the SPPL3 xϩ100 construct was translated in the presence of microsomes, the translation product had equal electrophoretic mobility as the one produced in the absence of microsomes (Fig. 3B) . Also in the presence of the glycosylation inhibitor, the apparent molecular weight was unchanged. This indicates that the first hydrophobic region of SPPL3 functions as a type I signal anchor sequence, and the downstream hydrophilic loop does not become glycosylated and hence should be facing the cytoplasm. To confirm the topology of this first transmembrane region, we inserted a consensus site for N-glycosylation into the short hydrophilic N-terminal extension (Fig. 3A, SPPL3 Ng ). When translated in the presence of microsomes, SPPL3
Ng xϩ100 was glycosylated, albeit inefficiently, indicating translocation into the microsomes (Fig. 3B) .
Topology of Catalytic Loops-In the next set of experiments, we wanted to determine the localization of the "catalytic loop," i.e. the hydrophilic portion, which links the two transmembrane regions containing the catalytic aspartate residues (Table I; hydrophobic regions VI and VII). In SPP, this loop is predicted to be exposed toward the exoplasm, whereas in the related presenilins the respective regions are located in the cytosol (30 -33) . To test whether the catalytic loops of SPP and SPPLs are either exposed toward the exoplasm or the cytosol, we introduced a consensus site for N-glycosylation, Asn-X-Ser, into the hydrophilic loop region (Fig. 4A) , and we expressed HA-tagged mutant proteins in HeLa cells. Because oligosaccharyltransferase can only transfer N-glycans to sites more than 12-14 residues away from transmembrane regions (34, 35) , we generated an N-glycosylation site in the central part of the loop for SPPL3 (PL 227/8 AS), which contains a larger loop. For the other proteins, which contain only a short catalytic loop, we inserted a glycosylation site plus a few additional residues to slightly expand the loop (for SPP, SGSGPAENA-SAHGAQSP after Phe 244 ; for SPPL2a, NASEFRH after Val 385 ; for SPPL2b, NASEFRH after Val 396 ; and for SPPL2c, NAS-
FIG. 3. Localization of N-terminal extensions investigated in vitro.
A, schematic illustration of constructs used for the in vitro experiments. For each protein, the N-terminal portion comprising the hydrophilic N-terminal extension, the first hydrophobic region (see Table I ) plus the downstream 100 residues ("ϩ100") were synthesized by cell-free in vitro translation. In SPP and SPPL3, the downstream region also contains transmembrane regions II and III. White bars indicate transmembrane regions; diamonds indicate consensus sites for N-glycosylation. SPPL3
Ng refers to an SPPL3 mutant containing an additional consensus site for N-glycosylation (gray diamond) at the N terminus. B, synthesis of xϩ100 constructs in a cell-free in vitro translation system in the presence of ER-derived rough microsomes (RM) for protein translocation and acceptor tripeptide (AT, N-benzoyl-Asn-LeuThr-methylamide) to inhibit N-glycosylation. Arrows indicate the respective xϩ100 translation product; asterisks indicate proteins modified with one or more N-glycans; circles indicate nonglycosylated products from which a signal sequence had been cleaved. EFRH after Ser 416 ). When expressed in HeLa cells, all the mutant proteins ("g" mutants) with the additional N-glycosylation site showed an increased electrophoretic mobility compared with the wild type protein counterparts. This increase is consistent with the acquisition of one additional N-glycan (Fig.  4B, asterisks versus circles) . These results demonstrate that the catalytic loops of the g mutants of SPP and SPPLs are all facing the exoplasm.
Localization of C Termini-Finally, we determined the localization of the C termini of SPP and SPPLs by using selective permeabilization of cellular membranes with digitonin. This method makes use of differences in the cholesterol content of membranes and allows permeabilization of the plasma membrane, which is rich in cholesterol, whereas particularly ER and Golgi membranes, which contain little cholesterol, are unaffected (36) . Therefore, in permeabilized cells, cytosolic domains of membrane proteins are accessible to antibodies for immunofluorescence, for example, whereas luminal domains are hidden. We expressed C-terminally HA-tagged SPP and SPPLs in HeLa cells, selectively permeabilized the cells with digitonin, and for the purpose of control, permeabilized all cellular membranes with saponin. Samples were analyzed by immunofluorescence with anti-HA antibodies as well as an antibody specific for the ER luminal protein ERP57 (37) .
SPP contains a KKXX ER retrieval signal, which can only function when exposed toward the cytosol. Not surprisingly however, immunofluorescence after selective permeabilization of the plasma membrane revealed accessibility for the C-terminal extension of the SPP, whereas the ER luminal protein ERP57 was not stained (Fig. 5) . The control ER luminal protein was protected by the intact ER membrane and only accessible after permeabilization of all membranes with saponin. Accordingly, the C terminus of SPP is, as expected, exposed toward the cytosol, like the cytosolic tail of the control protein calnexin (38) , from which we obtained the same staining pattern after selective permeabilization (Fig. 5) . Similar results were obtained for the SPPLs. In all cases, the C-terminal HA tags were accessible after selective permeabilization of the plasma membrane and could be visualized by immunofluorescence (Fig.  5) , whereas the control ER luminal protein ERP57 was protected by the intact ER membrane and only accessible after permeabilization with saponin (not shown). These results indicate that the C-terminal tails of SPP and SPPLs are all exposed in the cytosol. Taken together with the results described above, we conclude that SPP and SPPLs are candidate aspartic proteases sharing the same principal structure and, like SPP, are prone to promote intramembrane proteolysis of transmembrane regions, which span the membrane in type II orientation.
DISCUSSION
A good topology model is a necessary prerequisite for experimental studies on the structure-function relationship of membrane proteins. Here we have characterized the key structural elements of the intramembrane-cleaving protease SPP and its four human homologues SPPL2a, -2b, -2c, and -3. Starting with a consensus prediction of membrane protein topology, we have experimentally determined in vitro and in living cells the location of the N termini and topological role of most N-terminal hydrophobic regions, the orientation of catalytic domains, and the location of the C termini. We found that SPP and SPPLs share the same principal topology and appear to be designed to cleave a type II-oriented transmembrane region of substrate proteins. This is in contrast to the structurally related presenilins, whose catalytic domains have the opposite orientation within the membrane and, accordingly, are intended to cleave type I-oriented transmembrane regions. Our findings provide the elemental information for the search of candidate sub- strates and future exploration of cellular functions of these membrane proteases.
During biosynthesis, a multispanning membrane protein is thought to acquire its correct topology by properly orienting the first transmembrane region and then alternate insertion of subsequent ones in sequentially opposite orientation (39, 40) . Correct prediction and experimental analysis of the topology of the first transmembrane region are therefore crucial for the overall topology prediction of a multispanning membrane protein. Topology prediction programs use model formalisms to forecast the architecture of an integral membrane protein. To a variable degree, they all consider common features of integral membrane proteins, e.g. that transmembrane regions are generally hydrophobic, helical, and oriented in the lipid bilayer according to the "positive inside rule," which is, however, followed less in eukaryotes (41) . Best current topology prediction methods such as TMHMM and HMMTOP, which both use a hidden Markov model formalism, predicted correct topology for up to 79% of all proteins, for which experimental structural information is available (42) . The reliability of topology prediction can be significantly improved when several methods are combined (24) . Consensus topology predictions of eukaryotic membrane proteins is, however, complicated by the fact that many of these proteins have N-terminal signal peptides, which can undermine the reliability of prediction. Errors in topology assignment of the most N-terminal transmembrane region can, for example, lead to an incorrectly predicted orientation for the subsequent transmembrane regions. Also, a hydrophobic core of a soluble domain may be misinterpreted as a transmembrane region, and hydrophobic segments either containing charged residues or comprising only a short region can be overlooked. Therefore, it is crucial to verify the predicted topology model by complementary experimental approaches.
Limits in the accuracy of topology predictions, as compared with data substantiated by experiments, became apparent in the present study. The programs TMMHMM and HMMTOP, for example, did not recognize the signal sequence of SPPL2a (Table I ), but the "outside" localization for the large N-terminal domain was nevertheless correctly predicted. For SPPL2c, TM-MHMM predicted type I orientation for the first hydrophobic region (the experimentally determined signal sequence), and as a consequence the orientation of the subsequent transmembrane regions was incorrectly assigned. Similarly, TMpred predicted a type II signal anchor sequence at the N termini of SPP and SPPL3, whereas our experiments revealed a type I signal anchor sequence. As a result, the topology prediction for the downstream catalytic loops and the C termini were opposite the empirically determined location. On the other end, the topology of SPP and SPPLs was correctly assigned when the predictions were complemented with our experimental data; once the topology of the most N-terminal transmembrane regions and the location of the C termini were firmly established, prediction on the topology of the catalytic loops became consistent with the gathered data. Taken together, our results support a structural model where SPP and its related candidate proteases, SPPL2a, -2b, -2c, and -3, have nine transmembrane regions with the hydrophilic N-terminal domain and catalytic loop exposed toward the exoplasm, whereas the C terminus is located in the cytosol (Fig. 6) .
Intramembrane-cleaving proteases contain multiple hydrophobic regions that are considered to assemble into a proteolytic domain within the plane of the membrane. We hypothesize that this peculiar type of proteases, like all membrane proteins, have a well defined orientation in the membrane and are likely to cleave transmembrane regions of only one given topology, i.e. either of type I or type II orientation but not both. Experimental evidence supporting this model can be found in studies comparing the intramembrane-cleaving metalloproteases S2P (43) with its homologue SpolVFB (44) , and the aspartic proteases SPP (11) with the related PS1 (30 -33) . The hydrophobic regions containing the respective catalytic residues are predicted to have opposite transmembrane orientation in S2P and SPP, when compared with those of SpolVFB and PS1, respectively. In accordance with the apparently opposite orientation of catalytic domains, the scissile transmembrane regions of known respective substrates have opposite orientation too; those cleaved by S2P and SPP have type II orientation, whereas those processed by SpolVFB and PS1 have type I orientation. Because the topology of the catalytic domain of an intramembrane-cleaving protease seems to be the key in determining the transmembrane orientation of its substrates, our results predict that SPP2a, -2b, -2c, and -3, like SPP, cleave substrate proteins within a type II-oriented transmembrane region.
In summary, our experiments revealed structural features of SPP that are common to its four human homologues, SPPL2a, -2b, -2c, and -3. With information about their potential substrate preferences, we can now selectively search for candidate substrates of the SPPLs. These can be either type II membrane proteins or accessible type II-oriented transmembrane regions of multispanning membrane proteins (45) . Candidate substrates of SPPLs may depend on similar requirements for intramembrane cleavage as the ones of SPP; shedding of a membrane-anchored ectodomain of the precursor may produce the immediate substrate for the intramembrane-cleaving protease, and helix-destabilizing residues within the transmembrane region may guarantee efficient processing (46) . Based on such information and the data presented here, a systematic exploration of appropriate membrane proteins will most likely reveal a number of additional signaling molecules and regulatory factors that make use of intramembrane proteolysis for their activation. 
